Abstract: There is strenuous debate among ecologists regarding the inclusion of predator density into the originally preydependent functional response. We provided comprehensive empirical comparisons of alternative functional response models for the predatory ostracod Heterocypris incongruens (Ramdohr, 1808) and the rotifer Brachionus calyciflorus (Pallas, 1766) as its prey in small freshwater microcosms. Prey killed was measured at factorial combinations of four predator densities and five prey densities, and was recorded at 3 min intervals over 60 min experiments. To support the potential effect of predator interference on per capita kill rate, we recorded ostracod activity and aggression. Kill rate increased following a saturating function with increasing prey density and decreased with increasing predator density. Model evaluation using an information-theoretic approach indicated that the Arditi-Ginzburg type II ratio-dependent model performed best, followed by the Arditi-Akcakaya and Beddington-DeAngelis type II predator-dependent models, suggesting that predator interference was important in predicting kill rates. Interference among predators increased and their activity decreased with increasing predator density, providing confirmation that interference was responsible for the predator-dependent effect. By combining a microcosm experiment and behavioral observations, our results suggest that predator interference at realistic population densities influences ostracod kill rates and this form of interference was best accommodated by predator-dependent models.
Introduction
Predator-prey dynamics underlie population patterns and behavioral processes; thus, predation theory has dominated ecology from its inception to the most contemporary research. The functional response is used to predict how the per capita kill rate of an individual predator varies in relation to changes in prey density (Holling 1959) . There has been much debate over the years about the frequency and magnitude of predator influence in the functional response, recently reviewed by Arditi and Ginzburg (2012) , Barraquand (2014) , and Abrams (2015) . The inclusion of predatoror ratio-dependent effects can profoundly alter model predictions of predator-prey interactions (Abrams 1994; Fussmann and Blasius 2005; Arditi and Ginzburg 2012; Barraquand 2014) . This is of primordial importance because the functional response is a cornerstone of much ecological theory, underpinning topics as diverse as optimal foraging, niche theory, interspecific competition, and food-web dynamics (Fussmann 2008; Van Moorter et al. 2013; Wasserman et al. 2016 ).
The Holling type I formulation is independent of density, describing a linear increase in kill rate with prey density. The linear form of the type I functional response derives from a constant search efficiency or attack rate (a), which dictates the frequency with which predators encounter and kill their prey (Holling 1959) . The Holling type II functional response includes handling time (h), which provides a physical limit on the maximum kill rate of the predator, producing a decelerating hyperbolic relationship between kill rate and prey density. The Holling type III functional response curve displays a sigmoid-shaped relationship between prey abundance and feeding rates. It often stems from prey switching or reduced predator motivation to hunt at low prey densities. Hence, kill rate increases slowly until a threshold of prey density is surpassed.
By adding predator density (P) and an interference coefficient (c) to the Holling type II functional response, we arrive at the Beddington-DeAngelis model (Beddington 1975; DeAngelis et al. 1975) . The Arditi-Ginzburg model (Arditi and Ginzburg 1989) is another modification of the purely prey-dependent Holling framework, which incorporates the ratio of prey density to predator density (N/P) and not these densities separately as in the Beddington-DeAngelis model. From these variations, it is possible to picture a spectrum along which predator interference is thought to influence kill rate. The purely prey-dependent Holling models lie at one extreme and the ratio-dependent Arditi-Ginzburg model at the other, with various predator-dependent models in between. Some model formulations are dynamic in describing the role of predator density and interference on kill rates. Both Arditi-Akcakaya (Arditi and Akcakaya 1990) and Hassell-Varley (Hassell and Varley 1969) formulations include an interference coefficient (c, which can vary between 1 and -1) that becomes more negative as competition increases, thus reaching ratio dependence at extreme values. Similarly, the Tyutyunov model (Tyutyunov et al. 2008 ) resembles a preydependent Holling model at low predator densities, whereas at high predator densities it bears resemblance to a ratio-dependent ArditiGinzburg model.
Considering the importance of the issue and the strength with which alternate points of view have been debated, surprisingly little experimental work to date has used formal model evaluation to compare prey-, predator-, and ratio-dependent models and none to our knowledge has simultaneously measured the frequency of agonistic interactions among predators that could explain predator-or ratio-dependent effects (Schenk et al. 2004; Kratina et al. 2009; Hossie and Murray 2016) . Here we offer a synthetic series of laboratory functional response trials to address both issues of model fit and behavioral mechanism, using a rotifer as prey and ostracods as predators in microcosms.
Materials and methods

Data collection
The rotifer Brachionus calyciflorus (Pallas, 1766) is a well-studied species often used in consumer-resource and food-web experiments, whereas ostracods (identified as Heterocypris incongruens (Ramdohr, 1808) using DNA barcoding at the Biodiversity Institute of Ontario at the University of Guelph) were used opportunistically as their predator. Ostracods were originally isolated from a natural population collected in Guelph (Ontario) well water. The populations were maintained at 20°C in 24 000 L tanks containing an algal solution in the Limnotron facility at the University of Guelph. The alga Chlorella vulgaris Beijerinck, 1890 (obtained from G. Fussmann at McGill University, originally from Culture Collection of Algae, University of Göttingen, Göttingen, Germany) was cultured using COMBO medium (Kilham et al. 1998) . Rotifer cultures consisting solely of females (encysted rotifers from Aquatic Eco-Systems, Inc., Apopka, Florida, USA) were kept in an incubator at a temperature of 20°C in 250 mL flasks filled with C. vulgaris and COMBO culture medium.
A subset of ostracods was removed from the Limnotron tanks 24 h prior to functional response trials to standardize motivational state of the predator. Ostracods were first filtered from the algal solution using 20 m Nitex material and then placed in 16.8 mL wells of a 6-well cell culture tray filled with 10 mL COMBO culture medium (7-10 ostracods·well -1 ). Trays were kept in an incubator at 20°C for 24 h.
On the day of trials, rotifers were filtered from the algal solution into COMBO culture medium. The rotifers were transferred using a pipette into wells of a 24-well cell culture tray (working volume of 2.75 mL·well -1 was used for this experiment) at varying densities. The target densities for prey were 1. 45, 4.36, 7.27, 12.72, and 18.18 rotifers·mL -1 (4, 12, 20, 35 , and 50 rotifers·well -1 , respectively), with sampling variation around these targets resulting in a more continuous data set. The densities of predators were 0.36, 0.72, 1.09, and 1.45 ostracods·mL -1 (1, 2, 3, and 4 ostracods·well -1 , respectively). A minimum of four replicates were completed at each density combination.
With a dissecting microscope, we counted the number of rotifers before the ostracods were introduced to determine the exact initial density. Rotifer density was recorded at roughly 3 min intervals over the duration of each 60 min feeding trial (mean = 2.95 min, SD = 1.48 min), although challenges in accurate counting and recording data occasionally led to intervals that were slightly shorter or longer than the norm.
At each time interval, observations on predator behavior were also recorded, including whether any predators were inactive (i.e., they were not moving, had a closed shell, and were floating near the surface) or aggressive acts among predators were observed (i.e., direct and prolonged contact between ostracods, attacks, injury of one ostracod by another). The activity and aggression of ostracods was scored as the mean proportion of inactive predators or number of attacks on other ostracods for each trial, respectively.
Model fitting and data analysis
Functional response models were compared to explain observed kill rates by ostracods (Table 1 ). There has been growing appreciation in recent years that depletion over the course of functional response experiments can lead to biased parameter estimation, potentially affecting inference with respect to model evaluation (Rogers 1972; Arditi et al. 1991; Bolker 2008) . One way to deal with this bias is to integrate the functional response over each time interval. Although analytical solutions are possible for a couple of the functional response variants (Bolker 2012) , closed form solutions are not currently known for the majority of the functional response formulas in the published literature, including several of the equations considered here. We accordingly used the included R code (Supplementary material) 1 to numerically simulate prey depletion as a continuous process over each observed sampling interval to estimate the best-fit parameter estimates for a (area searched per unit time), h (handling time), and c (the interference coefficient among predators) for each model variant. Based on these parameters, we then calculated negative log-likelihoods for each best-fit formula to calculate values of Akaike's information criterion (AIC) scores (Akaike 1973) .
The effect of predator density on activity level and predator interference was tested using a generalized linear model (glm function from R version 2.13.1; R Development Core Team 2011) with a binomial error distribution. For activity level, if at least one ostracod was inactive during a trial, then that trial was assigned a score of 0, whereas a score of 1 was assigned if all predators were active for all observations during a trial. For trials in which at least one ostracod was inactive, we also tested the effect of predator density on the proportion of active predators using a glm with a Gaussian error distribution. For predator interference, if any instances of predator interference were observed during a trial, then the trial was given a score of 1, conversely trials with a score of 0 had no observed predator interference. The effect of predator density on the number of predator interference events (i.e., when at least one attack was observed during the trial) were tested using a glm with a Gaussian error distribution.
Results
Mean rates of prey killed by ostracods were positively related to rotifer density, but the degree of prey dependence was less pronounced at high predator densities (Fig. 1) . The Arditi-Ginzburg type II predator-dependent model (AIC weight = 0.83) provided the most parsimonious fit to the data, followed by Arditi-Akcakaya type II (AIC weight = 0.15) and Beddington-DeAngelis type II (AIC weight = 0.02), relative to other predator-dependent models and purely prey-dependent models (Table 2 ). All the best-fit models predict that ostracod kill rates increase with rotifer density, but the magnitude of prey-dependent increase in killing is depressed as predators become more abundant (Fig. 2) . This effect becomes gradually more muted, however, with increasing numbers of predators.
Predator activity levels decreased as predator density increased in terms of the overall occurrence of inactivity in trials (glm with binomial error structure, z = -2.91, p = 0.004). However, the proportion of inactive individuals in trials, where inactive predators were observed, did not change with increasing predator density (glm with Gaussian error structure, t = 1.17, p = 0.249). The interference among predators increased in incidence, i.e., if interference occurred during a trial (glm with binomial error structure, z = 2.37, p = 0.018) but not intensity, i.e., how many aggressive interactions occurred (glm with Gaussian error structure, t = 0.80 p = 0.441) as predator density increased.
Discussion
By using alternative kill rate models, factorial combinations of predator and prey densities in small freshwater microcosms, and direct measurements of interference rates at realistic predator densities, we completed a comprehensive empirical comparison among prey-, predator-, and ratio-dependent functional response models. Our study provides clear evidence that the kill rate of ostracods was influenced by both prey and predator density, with strong support for ratio-or predator-dependent functional response. Overall, the kill rate of ostracods was a positive decelerating functional response reaching a plateau of maximal ingestion and decreased with increasing predator density. The support for ratio dependence and predator dependence with a large interference coefficient combined with purely preydependent models being less consistent with the data suggest that predators play an important role in shaping the functional response for this predator. Furthermore, our study extended beyond model evaluation by demonstrating that direct aggressive interference was the causal mechanism underlying the observed functional response.
Functional responses in other invertebrate predator-prey laboratory experiments have been shown to be consistent with predator-dependent models (Skalski and Gilliam 2001) or ratiodependent models (Hansson et al. 2001; Spataro et al. 2012; Médoc et al. 2013 ). This suggests that some degree of predator interference occurs in a variety of systems, although the degree of interference differs among systems and species (Delong and Vasseur 2011) . Previous work with ostracods found that the intake rate of ostracods feeding on alga was well depicted by a type II functional response curve, but in this case, predator density did not have a statistically significant influence on intake rates (Grant et al. 1983) . Furthermore, type III sigmoidal functional responses have been demonstrated in some microcosm studies with carnivores (Kratina et al. 2009 ) and natural herbivorous systems (Morozov 2010) .
The wide range of rotifer densities that we used in our trials were realistic with those found in both laboratory and natural populations. The population density of ostracods in our trials ranged between 1 and 4 individuals·mL -1 , well within the observed range of ostracod densities (1-6 individuals·mL -1 ) recorded during 180 day predator-prey trials with the same rotifer prey species in large experimental mesocosms (J.M. Fryxell, unpublished data). In natural settings, the ostracod Cyprinotus carolinensis Ferguson, 1967 has been recorded at densities of 4 individuals·mL -1 (Grant et al. 1983) . Rotifers usually occur at densities <1 individual·mL -1 (Yoshida et al. 2000) , but have been observed in the field to fluctuate across a wide range of densities (over 5 rotifers·mL -1 in Jurgens et al. 1999 ) to 47 rotifers·mL -1 (Lampert and Rothhaupt 1991) . Thus, the levels of predator interference found in our experimental trials is consistent with densities found under some natural conditions.
We found evidence that ostracod activity and interference patterns changed with predator density, supporting the interference hypothesis. Agonistic interactions between predators, such as interference, can increase the time between attacks on prey. This offers some insight into the causal mechanism behind the observed predator-dependent effects on ostracod functional responses. The mechanisms resulting in predator dependence can be behavioral (Abrams and Ginzburg 2000) or spatial (Cosner et al. 1999) in nature and can occur over short or long time scales (Fussmann 2008) . Predator dependence can arise as a statistical artifact of resource depletion (Abrams 1994) , direct interference due to aggressive interactions among predators (Beddington 1975; DeAngelis et al. 1975) , from spacing behavior among predators to avoid agonistic interactions (Abrams and Ginzburg 2000) , or as a by-product of antipredator behavior (Preston et al. 1999) . Our behavioral results support the latter predator aggression hypothesis and our observations support the avoidance between predators (C.M. Prokopenko, personal observation). We found that activity among ostracods decreased with predator density. In addition to behavior of predators, we observed that the spatial distribution of rotifers in the arena was rarely purely homogenous, either due to predator consumption or prey behavior (C.M. Prokopenko, personal observation). Rotifers have previously been shown to exhibit antipredator behavior by decreasing swimming speed as predators approach (Preston et al. 1999) . As predator dependence was detected even over short time intervals, depletion itself cannot explain this effect.
Previous studies have often used variable time scales of observations to estimate the predator functional response Kratina et al. 2009 ). found a prey-dependent Holling type III functional response (a sigmoid relationship) in herbivorous zooplankton using short-term rates. Our findings, recorded over short time intervals, were consistent with those from a similar microcosm experiment by Kratina et al. (2009) , who found that predator dependence described the functional response of invertebrate predators. This suggests that predator-dependent effects are not a simple artifact of extended time intervals of observations, an artifact that is enhanced when there is appreciable prey depletion over the course of each observation interval (Bolker 2012) .
The functional response of predators has important implications for both theoretical and applied ecology. The type of functional response included in models can strongly influence population and food-web dynamics (Fussmann and Blasius 2005) . Although it is always possible that such patterns are a simple artifact of bench-top laboratory conditions, our results nonetheless suggest that predator interference can be strong even at realistic predator densities and when functional responses are measured over short time intervals, and therefore worthy of consideration in predator-prey systems of a similar nature.
